third of the recorded pyramidal cells (29 units or 32%)
should be less salient when the platform appeared in a were active at the platform both before and after escape familiar place. To test this prediction, we repeated the (threshold 0.5 Hz; e.g., cell #1 in Figure 1A ). In addition, analysis on the probe trials preceding the reversal (probe 40 units (44%) were active at the platform location but trials 1 and 2; n ϭ 85 and n ϭ 98, respectively). The only in one of the phases. Thirty of these phase-selective distribution of destination biases was now more uniform cells (75%) were silent in the swim phase and active in (probe 1, 2 9 ϭ 5.1; probe 2, 2 9 ϭ 15.2; p Ͼ 0.05). Cells the goal phase. Some of them were silent throughout with selective activity on the platform were no more abunthe swim phase (#3-#6 in Figure 1A and Movie S1 [see dant than cells with activity in both phases ( Figure 3A) . the Supplemental Data available online at http://www.
Hippocampal activity was also recorded on two probe neuron.org/cgi/content/full/35/3/555/DC1]); others had tests after the reversal (probes 4 and 5; n ϭ 78 and n ϭ place fields in other parts of the corridor (#7-#8).
70, respectively). The rats spent more time in the new We calculated the relation to trial phase for all cells platform segment than in the other segments on both that fired above 0.5 Hz at the platform in one of the trial trials (7.3 Ϯ 0.7 s versus 4.8 Ϯ 0.1 s and 9.9 Ϯ 2.1 s phases. A cell's "destination bias" was expressed as versus 4.6 Ϯ 0.2 s, respectively), indicating that they the ratio between the firing rate on the platform (first 10 s) had learned the new goal location by the time of testing. and the sum of the firing rate at the platform position in On probe 4, 12 of the 56 cells that were active in the the swim phase and the firing rate during the first 10 s platform region fired preferentially after the rat escaped on the platform. The cells were classified into bins of (destination bias Ͼ 0.9), which was more than expected 0.1 based on this index. A value of 0 represents exclusive with a flat distribution (Z ϭ 2.9, p Ͻ 0.005; Figure 3A ). activity in the swim phase, and a value of 1 represents On probe 5, when the rat's behavior had stabilized and exclusive activity on the platform. The distribution was was indistinguishable from behavior before the reversal, strikingly nonuniform on the reversal trial ( 2 9 ϭ 44.9; the proportion had decreased to 4/50, which was close n ϭ 68; p Ͻ 0.001) ( Figure 1B ). Approximately one-third to the chance level (Z ϭ 0.71). of the recorded pyramidal cells fired exclusively after arrival (destination bias Ͼ 0.9). This was about three New Activity on the Platform Was Not a General times more than the number in any other bin and signifiResponse to Novelty cantly more than expected from a flat distribution (Z ϭ Selective activity on the platform occurred mainly when 6.5, p Ͻ 0.001). Within the 0.9ϩ category, 21/23 cells the platform was raised at a novel position. Can such had values of 0.95 or larger. Cells in the 0.9ϩ category activation be induced by any change in experience fired at an average rate of 3.2 Hz and a peak rate of 9.8 ("novelty"), or was it caused specifically by the differHz during the first 10 s of the goal phase (group medience between actual goal location and remembered ans). The median rate at the same location in the swim goal location? To examine this issue, we first trained phase was 0 Hz. Five of the cells were silent throughout three rats with a platform location that varied randomly the swim phase; the remaining cells had additional fields from trial to trial. The platform location was novel in the at other places ( Figure 1A) . A similar nonuniform distrisense that it differed from the previous one, but the rat bution was seen when the minimum rate for inclusion was familiar with the variability of the procedure and was increased from 0.5 Hz to 1 Hz or 3 Hz ( Figure 1B; probably did not expect the platform to appear at any 2 9 Ͼ 33.3; p Ͻ 0.001). particular place. Out of 17 cells with activity at the platThe cells with specific activity in the goal phase were form in one of the phases, only one fired selectively activated as soon as the rat climbed onto the platform in the goal phase (destination bias Ͼ 0.9; Figure 3B ), (Figure 2 ). The median firing rate of the sample was suggesting that changes in goal location did not by maintained at 3-5 Hz during the first 30 s after escape themselves elicit new activity. The critical factor might but decayed at the end of the trial (Figures 2A and 2B) . be whether the rat found the platform at a different place There was no decay on the platform in cells that were from the one that was stored in memory. active at this location both before and after escape (Fig- We next asked whether new activity was evoked only ure 2C).
when the change in experience was task relevant. A separate group of five rats was trained to find the platSelective Firing on the Platform Decreased form at a constant location in the annular maze. A probe with Training trial was then conducted in which the rat encountered If the new activity on the platform was evoked by its appearance at an unexpected position, such activity a vertically ascending current of temperate water as it
The rat was trained with the platform in SW, but the platform was raised in NE (white circle) for the first time at the end of the trial. The swim path indicates that the rat slowed down and turned slightly to the side each time it passed the original platform position in SW, suggesting that it expected to find the target there. The rat swam in the counter-clockwise direction 96% of the time. After escape, the head pointed in the counter-clockwise direction 99% of the time. Units were recorded from three tetrodes (tetrode 1, unit numbers 3, 8, and 9; tetrode 2, unit numbers 1, 4, 5, 6, and 7; tetrode 3, unit 2, 10, 11, and 12; cluster diagrams in Supplemental Figure S1 ). Note that a large number of cells fired almost exclusively after the rat found the platform, even though the rat passed through the same area in the same direction several times in the swim phase. Note also that three of the eight cells with activity in the swim phase fired at the original platform location, which is more than expected if cells were randomly distributed across the corridor ( passed through a certain location in the corridor. The of the trial, the platform was raised at a new position. Twenty-one pyramidal cells with a median firing rate of underwater "jet" was switched on after 60 s and provided gentle tactile stimulation that was novel but did 1.9 Hz were recorded under these conditions. Fifteen of them were active (Ͼ0.5 Hz) at the location of the not help the rat finding the escape platform. At the end Figure 4C ).
Development of Firing in Individual Neurons
The firing rate remained low throughout the 50 s period Cells with selective activity in the goal phase were seen that the rat spent on the platform. This cell was a clearly primarily on the reversal trial. The reason could either identifiable theta cell with an average firing rate of 13.0 be that these cells became silent on subsequent trials Hz in the swim phase, short waveforms (median 0.26 or that they remained active but fired both in the swim ms), and no complex spiking (Figures 4A and 4B; see phase and the goal phase during the later parts of the also Supplemental Figure S1 ). The distribution of destitraining. Of the 23 cells with selective firing in the goal nation biases returned toward its original configuration phase on the reversal trial, ten could be followed through on the subsequent probe tests ( Figure 4D ), in parallel probes 4 and 5. Data for the remaining cells were lost with new learning. because of technical problems. Among the ten cells, four became silent and six continued to fire on subseCells with Specific Activity on the Platform Were quent probe trials, either only after escape (n ϭ 2) or Not Three-Dimensionally Tuned Place Cells also in the swim phase (n ϭ 4). Cells that started to fire An important question is whether cells became active in the swim phase after the reversal fired at a median or silent on the platform because the controlling stimuli rate of 1.4 Hz (probe 4) and 1.6 Hz (probe 5) in the swim were present in only one phase of the trial. Although phase at the new platform location. These observations the landmarks were similar in the swim phase and goal imply that a large fraction of the newly activated cells phase, the head of the rat was a few centimeters higher remained active after the change of goal location, also after escape than during swimming. There is yet no clear after the rat had become familiar with the change. Moreevidence that place cells are tuned in three dimensions over, the fact that some of the newly activated cells fired (Knierim and McNaughton, 2001), but we nonetheless during subsequent swimming implies that the activation tested the role of this factor by increasing the water was not merely due to the skeletal motion that occurred level 3 cm in one additional rat. The rat's head was now when the rat climbed the platform. just above the water in both phases. The distribution of Was the change in activity specific to the subset of phase-selective and nonselective units was still nonunicells that fired in the goal phase on the reversal trial? form ( 2 9 ϭ 18.5; p Ͻ 0.05): 5/13 cells with activity at the Moving a significant stimulus such as the platform might platform position in at least one of the phases dislead to a general remapping of place fields in the entire charged selectively in the goal phase (destination bias Ͼ pyramidal cell population. To determine how the reversal 0.9; p Ͻ 0.005; Figure 5 ). These cells, like those in the procedure affected the rest of the cell sample, we examreversal trial with the platform at the normal height, ined the place fields of all pyramidal neurons with activity started to fire vigorously as soon as the rat climbed onto in the swim phase that could be followed throughout the platform. The median rate during the first 2 s on the the training sequence (n ϭ 63). For each session, we platform was 5 Hz. The rat was tested subsequently determined the position of the peak of each cell's place with the platform at its normal height. None of the firing field along the circumference of the annular maze. With fields moved, and three cells still fired specifically on the exception of a few cells, dislocation of the platform the platform. had no effect on the location of the peak (Figures 3D-3F ). Place fields recorded in the swim phase on probe trial 4 were shifted only by 13.6Њ of arc compared to the Activation on the Platform Was Independent of Speed, Direction, and Behavioral State swim phase before reversal on probe 3 (median absolute difference). The median shift from probe 3 to probe 5
While it is possible that hippocampal units were activated at the new platform as a result of incongruity was 20.3Њ. These values were not different from the distance that the peak shifted between probe trials before between experience and information stored in memory, it is also conceivable that the new activity was elicited the reversal (9.5Њ and 16.2Њ, respectively; Wilcoxon signed ranks test: Z Ͻ 1.5, p Ͼ 0.10). Thus, although merely by changes in skeletal movement. Upon climbing the platform at the new location, the rats exhibited exthe peak moved in a few cells, the place cell population as a whole was stable and appeared not to be affected ploratory behavior, which was reflected by a temporary increase in the amount of movement by approximately by the reversal procedure. Finally, although the rats were alert and explored dur-0.9, which is more than expected if all categories were equally represented (Z ϭ 6.5, p Ͻ 0.001). There was no ing the first seconds on the platform (see Movie S1), the hippocampal EEG might change. However, theta activity enhancement in the 0.9ϩ category on any other probe trial (Z Ͻ 1.2, p Ͼ 0.05). In a second analysis, we calcupredominated both before and after the rat climbed the platform ( Figures 6D-6G ), although the frequency was lated the mutual information between spiking and speed of movement (Skaggs et al., 1993) . The bias in the calcu-1-2 Hz lower and the range of frequencies slightly broader in the goal phase ( Figures 6F and 6G ). Units in lations was estimated from random permutations of the speed record. One thousand Monte Carlo trials were the 0.9ϩ category were theta modulated ( Figure 6E ), suggesting that the network was in theta state when performed per cell, and the median was used as a bias estimate. The observed mutual information was below these cells were active. Although the sampling rate did not allow for detection of high-frequency ripple activity the estimated bias in 28 cells, equal to the bias in 9 cells, and above bias in 39 cells (p ϭ 0.16, one-tailed (Buzsá ki et al., 1992), sharp waves were observed only in one rat during the first 10 s at the new platform location sign test) ( Figure 6B) . A selective analysis of the subset of pyramidal cells with specific activation in the platform ( Figure 7D ). In this rat, sharp-wave associated firing was observed in one cell. This cell fired at 0.7 Hz only, which phase gave a similar result (mutual information was below estimated bias in 13 cells, equal to estimated bias contrasts with the high rate of the other cells in the 0.9ϩ category. in one cell, and above in 11 cells; p ϭ 0.73, one-tailed and all proportions are larger than expected if firing was phase independent (if destination bias was distributed around values of 0.5). With directional filtering, the number of cells in the 0.1Ϫ category was increased on probes 2 and 4 only (Z Ͼ 2.9, p Ͻ 0.005). These observations suggest that some cells turned off in the goal phase, but the relation of this firing pattern to training is less clear.
Discussion
The main finding is that hippocampal pyramidal cells were activated selectively when the rat encountered the escape platform at a novel position. These cells were silent at the same location in the preceding swim phase. The activation was accompanied by a reduction in the firing rates of several interneurons. Other pyramidal neurons fired primarily when the rat searched at a familiar platform location and became silent when the rat climbed the target. These firing patterns were theta modulated and occurred only in a subset of the recorded pyramidal cells, suggesting that they were not activated or silenced because of an unspecific modulatory signal to the hippocampus.
New activity on the platform occurred when the platform was moved for the first time. While few cells fired specifically on the platform in the familiar condition, many did so when the platform position was reversed. On subsequent trials with the new position, such cells were still apparent, but the number decreased in parallel with new learning. Some of the cells that had been activated on the reversal trial now fired also in the swim phase. At the same time, there was an increase in the number of cells with specific activity in the search phase. The conditional firing pattern and the maintenance of The neurons with specific activity in one of the trial encountering it on a probe trial. Cells with specific activity in the swim phase were indeed observed, although phases may be similar to the "misplace cells" reported to exhibit increased firing after removal or replacement the number of such cells was lower (Figures 3A and 7) . ., 1994) . but the fact that few cells were activated when the goal position varied unpredictably or when the rat encounIn both conditions, exploration resulted in changed behavior on subsequent test sessions, which implies that tered a novel but task-irrelevant stimulus (an underwater current) suggests that a mere change in experience is new information was encoded, possibly as a result of new activity in pyramidal cells of the CA1. In contrast, not sufficient for such activation.
Although selective firing in the goal phase was trigthere was little exploratory activity in the underwater jet or variable platform conditions, where few cells regered by the appearance of the platform at a new position, the new activity was maintained for tens of seconds sponded to the novel stimulus. Activation of new cells on the platform after reversal before it decayed. This slow decay pattern suggests that the new activity may primarily reflect exploratory was associated with reduced activity in several interneurons. A similar reduction was observed when rats were behavior evoked as a consequence of the mismatch between experience and memory rather than the misreleased into a novel part of a test chamber (Wilson and The rats were trained to swim in one of two annular corridors filled kHz). EEG signals were amplified 3000-5000 times, lowpass-filtered at 125 Hz, and stored at 250 Hz (8 bits/sample). The recording with water at 28ЊC Ϯ 2ЊC with a dilute emulsion of white acrylic latex (Hollup et al., 2001a) . The inside diameter of each corridor was 75 system had linear phase and did not introduce a phase shift between the EEG and the time-stamped spikes. cm, the width 20 cm, and the depth of water 40 cm. In one corridor, the walls were vertical and made of transparent Perspex, extending Spike sorting was performed offline using graphical cluster-cutting (McNaughton et al., 1983b) . Clustering was performed manually 10 cm above the water. This corridor was centered in a white Morris watermaze (198 cm diameter). The other corridor was made of stainin two-dimensional projections of the multidimensional parameter space (consisting of waveform amplitudes). Spikes within the same less steel and had inclined walls above the water surface (30 cm, 45Њ relative to the water, extending outwards). The walls were vertical cluster were autocorrelated to check the quality of the isolation and to identify complex spikes. Spikes from adjacent pairs of clusters below the water surface. Each corridor contained four remotely controlled escape platforms that could be moved between two were cross-correlated to make sure that the early and late spikes of a complex-spike burst were not mistakenly assigned to different heights: 1.0 cm (available) and 22 cm (unavailable) below the water surface. Only one platform was used at a time. Fifteen rats were clusters. Pyramidal cells were distinguished from interneurons by firing pattern (complex spikes), width of the extracellular action popretrained with a constant platform location. Three rats were trained with the platform location being varied randomly between four positential, and average firing rate (Ranck, 1973). To construct a place field, we estimated a spike density function tions, and a single rat was trained with the platform 4 cm below the water surface in order to minimize the height difference between by convoluting the spike train with a smoothing kernel (Blackman window 2 s wide, normalized to have unit gain at zero frequency) the swim and goal phases. All 19 rats were pretrained to asymptotic performance (minimum 40 trials, 1 week). The headstage was conand sampled this "signal" synchronously with the position tracker. The spatially averaged firing rate was calculated for each location nected during the last days of pretraining.
When the rats were ready for recording, they first received continin a 5 ϫ 5 cm grid centered above the corridor. The average rates were estimated by a weighted means of the sampled spike density ued training with the platform in its usual position. In ten of the rats trained with a constant platform location, this part of the training function. The weights were Euclidian distances multiplied by a 30 cm wide Blackman window. In order to avoid error from extrapolaconsisted of 12 trials including three probe tests. On standard trials, the platform was raised when the rat had completed a single lap. tion, we considered positions more than 5 cm away from the tracked path as unvisited. On the probe trials, the platform was raised after 60 s. Probe 0 was run at the start of training and was not analyzed. Probes 1 and 2
The effect of the new platform location was estimated by calculating the destination bias of each cell. This bias was expressed as r 1 / were run as trials 5 and 9. After trial 12, the platform was raised at the opposite side of the corridor after 60 s (probe 3; reversal trial).
(r 1 ϩ r 2 ), where r 1 is the average rate in the goal phase, and r 2 is average rate at this location in the swim phase. 
